C-terminal binding protein-2 (CtBP2), a transcriptional corepressor, has been reported to correlate with tumorigenesis and progression and predict a poor prognosis in several human cancers. However, few studies on CtBP2 in gastric cancer (GC) have been performed. In this research, we evaluated the correlations between CtBP2 expression and the clinicopathological characteristics, as well as prognosis of GC patients. The effects of silencing CtBP2 expression on GC cells biology activity were also assessed. The results showed that CtBP2 was overexpressed in GC tissues and closely correlated with poor differentiation, advanced tumor stage and poor prognosis in GC patients. CtBP2 induced epithelial-to-mesenchymal transition (EMT) and repressed PTEN to increase proliferation rate, migration, and invasion in GC cells. Silencing CtBP2 inhibited GC growth in nude mice model. In conclusion, CtBP2 is overexpressed in GC and may accelerate GC tumorigenesis and metastasis, which could represent an independent prognostic marker and promising therapeutic target for GC.
INTRODUCTION
Gastric cancer (GC) is the fourth most common type of cancer with a low survival rate and represents an enormous burden on society worldwide [1] . At present, surgery combined with adjuvant or neoadjuvant chemotherapy is the major treatment for GC [2] . Despite improvements in treatment and a deeper understanding of GC, the 5-year relative survival rate of GC patients remains less than 30% [3] . Over the past ten years, explorations into the molecular mechanisms of carcinogenesis at the genomic level and targeted therapies have achieved significant progress [2, 4] . For example, the importance of HER2 (also known as EGFER, epidermal growth factor receptor) and the clinical use of trastuzumab (a monoclonal antibody against HER2) to treat GC patients are now widely accepted [5, 6, 7] . Furthermore, a number of other target antigens that could play important roles in GC tumorigenesis and progression have been under investigation [4, [8] [9] [10] [11] . There is an urgent need to identify novel molecular antigens regulating GC progression that could serve as potential targets for GC therapy.
C-terminal binding protein-2 (CtBP2) is a known transcriptional corepressor and modulator of several essential cellular processes, and it has also been shown to activate tumorigenesis and tumor progression. CtBP2 induces the epithelial-to-mesenchymal transition (EMT), helps to repress a number of tumor suppressors (e.g., E-cadherin, PTEN, Ink4 family tumor suppressors), and functions as an antagonist of apoptosis [12, 13] . CtBP2 can bind to β-Catenin and participates in the regulation of Wnt signalling [14, 15] . CtBP2 is overexpressed in prostate cancer, hepatocellular carcinoma, and ovarian cancer with important effects on the biological activity and prognosis [16] [17] [18] . However, to date, no study has specifically analysed CtBP2 expression in GC or determined how it affects the biological characteristics of GC. In this study, for the first time, we performed a comprehensive assessment of CtBP2 expression in GC and determined its association with specific GC clinicopathological characteristics. We found that CtBP2 expression was closely correlated with malignant behaviours and poor survival rate in GC patients. The biological effects of CtBP2 on cell proliferation, migration, and invasion in GC were also analysed. The results were in accordance with former studies [13] [14] [15] [16] [17] [18] . CtBP2 might contribute to GC growth, metastasis and poor prognosis by promoting EMT and repressing PTEN. In conclusion, CtBP2 is a novel and effective predictive biomarker and potential therapeutic target for GC patients.
RESULTS

CtBP2 was overexpressed in GC tissues and correlated with poorly prognostic characteristics
We examined CtBP2 expression in GC tissues and adjacent gastric tissues from 352 GC patients by IHC analysis. Results showed that CtBP2 was overexpressed in GC tissues and predominantly located in the nucleus. At the same time, CtBP2 showed markedly higher expression in poorly differentiated GC tissues than in well-differentiated ones. Representative IHC staining images of the GC samples were shown in Figure 1 . We performed WB analysis of CtBP2 expression in 6 pairs of fresh GC tissues and adjacent normal gastric tissues The WB results showed that expression of CtBP2 was higher in GC tissues than in normal gastric tissues (Figure 2A) . The correlations between high CtBP2 expression and the clinicopathological characteristics in the 352 cases of GC are shown in Table 1 . High expression of CtBP2 in GC was significantly associated with differentiation (p = 0.035), TNM stage (p = 0.004), T classification (p < 0.001), lymph node metastasis (p = 0.002), distant metastasis (p = 0.002), vascular invasion (p = 0.004), and lymphatic invasion (p = 0.004). By contrast, no statistically significant relationships were found for age, gender, tumor size, Borrmann type, or carcinoembryonic antigen (CEA). A. CtBP2 showed low expression in normal gastric tissues but high expression in GC tissues (magnification, ×200 and 400). B. CtBP2 expression in well-, moderately, and poorly differentiated GC tissues; the staining results were weak, moderate and strong, respectively (magnification, ×200 and 400). 
Overexpression of CtBP2 predicts poor prognosis
Based on the TMA and IHC analyses of CtBP2 expression, the relationships between survival status and the clinicopathological characteristics were first assessed using χ 2 tests ( Table 2 ). The characteristics that had significant associations with survival status were tumor size (p = 0.001), TNM stage (p < 0.001), T classification (p = 0.02), lymph node metastasis (p < 0.001), distant metastasis (p < 0.001), vascular invasion (p < 0.001), lymphatic invasion (p < 0.001), and CtBP2 expression (p < 0.001).
Furthermore, Kaplan-Meier analyses were carried out to assess the associations between GC patient clinicopathological characteristics and survival prognosis. The log-rank test indicated that CtBP2 expression (p < 0.001), tumor size (p = 0.028), TNM stage (p < 0.001), vascular invasion (p < 0.001), and lymphatic invasion (p < 0.001) were meaningful prognostic indicators for overall survival (Table  3) . Subsequent multivariate analysis confirmed that CtBP2 (p < 0.001), lymphatic invasion (p < 0.001), tumor size (p = 0.022), and TNM stage (p = 0.018) were independent prognostic indicators for GC patients (Table 3 ). CtBP2 highexpression group had significantly worse prognoses than the CtBP2 low-expression group which was learned from Kaplan-Meier survival curves ( Figure 3 ).
CtBP2 might contribute to EMT and repressing PTEN in GC cells
We performed WB analysis of CtBP2 expression in GC cells, CtBP2 expression was also higher in both GC cell lines (HGC-27 and SGC-7901) than in the normal gastric cell line (GES1), as expected ( Figure  2B ). GC cell lines were transfected with different CtBP2-shRNA constructs; the CtBP2-shRNA#2 induced the most efficient knockdown, whereas the control-shRNA had no significant effect on CtBP2 expression ( Figure 2C ). Therefore, CtBP2-shRNA#2 and the control-shRNA were selected in subsequent experiments. We examined the expression of markers associated with tumor growth, EMT, tumor suppressor by WB. CtBP2 depletion downregulated PCNA and N-cadherin, while upregulated E-cadherin and PTEN in both cell lines.
CtBP2 increased GC cell proliferation and migration, and invasion in vitro
Cell proliferation, migration, and invasion in the two GC cell lines were evaluated. The HGC-27 and SGC-27 cell lines showed lower proliferation rates after transfection with the CtBP2-shRNA#2, as indicated by colony formation and CCK-8 cell proliferation assays (p < 0.05) ( Figure 4A , 4B, 4C, 4D). Flow cytometry cell cycle analysis showed that knockdown of CtBP2 increased the percentage of G1 phase cells and decreased the percentage of S phase cells in GC cells ( Figure  4E , 4F). For the migration and invasion assays, fewer CtBP2-shRNA#2-treated GC cells migrated through the chamber, with or without Matrigel, compared with control-shRNA and normal control cells (p < 0.05) ( Figure 5 ). 
Clinicopathological Characteristics
Silence of CtBP2 inhibited GC tumorgenesis in vivo
The role of CtBP2 in GC tumorgenesis of HGC-27 cells was investigated in nude mice model. CtBP2-shRNA#2 and control-shRNA infected HGC-27 cells formed tumors in all BALB/c nude mice. The average tumor volume of the control-shRNA group was significantly larger than that of the CtBP2-shRNA#2 group and the GC growth rate in vivo of CtBP2-shRNA#2 group was lower (p < 0.05) (Figure 6 ).
DISCUSSION
The role of CtBPs in tumorigenesis was first discovered in studies of the E1A oncogene [19] . CtBP2 is a member of the CtBP family, a group of evolutionarily conserved transcriptional corepressors [13] . Mounting evidence has confirmed that CtBP2 plays an important role in tumorigenesis, including differentiation, cell proliferation, and apoptosis [20, 21] . CtBP2 promotes EMT indirectly [22] . In addition to the repression of E-cadherin, CtBP2 represses PTEN tumor suppressor activity [13, 23] . CtBP2 also acts as an antagonist of apoptosis [22] . CtBP2 was originally investigated in the context of prostate cancer, and recent reports indicate that CtBP2 can modulate androgen receptor activity to promote prostate cancer progression [16] . Indeed, overexpression of CtBP2 has been found in multiple cancers, including ovarian cancer, breast cancer, and hepatocellular carcinoma [17, 18, 24] .
In the present study, TMA, IHC, and WB analyses showed that CtBP2 expression was upregulated in GC cell lines and tissues and was closely associated with malignant behaviours and poor prognosis. The levels of CtBP2 expression were significantly correlated with GC differentiation, TNM stage, and vascular and lymphatic invasion in our experiments, partially accounting for the prognostic value of CtBP2 expression in GC patients. These findings are consistent with those of previous studies [13, 16] .
The CtBP2 expression in HGC-27 and SGC-7901 GC cell lines was silenced after transfected with CtBP2-shRNA#2. Silence of CtBP2 resulted in downregulation of PCNA, as well as cell cycle arrest, which could account for CtBP2 overexpression increasing GC growth rate. Based on CCK-8, colony formation assays and subcutaneous tumorigenesis in nude mice model, the significant decrease in the cell proliferation rate was consistent with the idea that high levels of CtBP2 expression promote GC tumorigenesis and progression. CtBP2 depletion induced the reversion of EMT and upregulated PTEN, which was consistent with former studies [13, 22, 23] . EMT was characterized as an important program during tumor progression involving in invasive and migratory abilities [24, 25] . PTEN is a critical tumor suppressor involved in many tumor types and loss of PTEN is associated with metastasis and correlated with poor prognosis of GC [26, 27] . Trans-well assay showed silencing of CtBP2 decreased migratory and invasive ability in the GC cell lines. The change might partly explained clinical data analyses that CtBP2 expression was closely associated with TNM stage as well as vascular and lymphatic invasion in GC [17, 28] .
In summary, the highly regulated expression of CtBP2 in GC tissues was confirmed to be associated with malignant behaviours and poor prognosis in GC patients. Furthermore, shRNA-mediated silencing of CtBP2 inhibited cell proliferation, migration, and invasion in GC cell lines. This study provided the first analysis of the expression and biological effects of CtBP2 in GC, laying the groundwork for identifying the molecular mechanisms and novel treatments for GC. Further research will be needed to support and explain our findings, and we believe CtBP2 has the potential to become a high-efficacy target.
MATERIALS AND METHODS
Patients and tissue samples
This research was approved by the local ethics committee. GC tissues and corresponding adjacent normal tissues were obtained from 352 patients with GC who had undergone surgery at Fudan University Shanghai Cancer Centre, Shanghai, China, between 2010 and 2011. Written informed consent was received from all patients. Tissue specimens were separately formalin fixed and paraffin embedded or snap frozen in liquid nitrogen (N 2 ) until use. The average age of this group was 61.41 years (range: 21-84 years), and the patients consisted of 275 males and 77 females. The clinical data for each patient (i.e., clinicopathological characteristics, including age, gender, differentiation, tumor size, Borrmann type, and TNM stage, are shown in Table 1 ) and follow-up records were acquired from their medical records using our computerised documentation system (ChiBASE) and telephone investigations. The last follow-up was performed on April 30, 2015. GC stage was classified in accordance with the 7 th edition of TNM staging (UICC 2009). Patients with UICC stages III or IV were recommended for either additive or adjuvant chemotherapy.
Tissue microarray (TMA) analysis and immunohistochemistry (IHC) analysis
Three-hundred fifty-two GC and matched, tumoradjacent tissues were used for tissue microarray (TMA) analysis. Representative core tissue samples (2.0 mm in diameter) were taken from paraffin-embedded sections and deposited in recipient paraffin blocks individually for TMA construction (Shanghai Outdo Biotech, Shanghai, China).
After cutting into 4-μm sections, the TMA paraffin blocks were deparaffinised and rehydrated using a graded alcohol series. H2O2 (3%) and normal goat serum were used to retrieve and block endogenous peroxidase activity. Next, the sections were incubated with an anti-CtBP2 antibody (dilution: 1:300; ab128871, Abcam, Cambridge, UK) overnight at 4°C, followed by incubation with an HRP-conjugated goat anti-rabbit secondary IgG at 37°C for 10 min. Signal was developed using 3, 3'-diaminobenzidine as the detection substrate (Nichirei) for 5 min and counterstained with 10% Mayer's haematoxylin.
CtBP2 expression was evaluated by two experienced pathologists without knowledge of the corresponding clinical information. Staining intensity was scored using the following criteria: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). Positively stained cells were quantified as a percentage of the total cells (0-100%). The final score was calculated by summing the intensity scores and determining a percentage as follows: 0 (no staining) -300 (100% of cells scored strong). The 352 GC cases were classified into two groups based on the final score of CtBP2 expression: CtBP2 expression-low (final score <200, n = 196, 56%) and CtBP2 expression-high (final score > or = 200, n = 156, 44%).
Cell lines and cell culture
The human GC cell lines HGC-27 and SGC-7901 and the normal gastric cell line GES1 were obtained from the Type Culture Collection cell bank of the Chinese Academy of Sciences Committee (Shanghai, China). We maintained the cell lines in RPMI-1640 medium (HyClone, Logan City, Utah, USA) supplemented with 10% FBS (foetal bovine serum) at 37°C in the presence of 5% CO2 in a humidified incubator. www.impactjournals.com/oncotarget
Western blotting (WB) analysis
WB analysis was performed as previously described [29] to confirm the expression of CtBP2 and GAPDH in the GC cell lines, GC tissues, and matched adjacent normal tissues. Tissue samples for WB were stored in N 2 . RIPA lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China) was used to extract total protein from tissue samples and cell lines. Protein concentration was measured using a BCA protein assay kit (Beyotime Institute of Biotechnology). Equal amounts of protein were separated using 10% SDS/polyacrylamide gel electrophoresis (SDS-PAGE) (Beyotime Institute of Biotechnology) and were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were probed with an anti-CtBP2 antibody (1:20,000; Abcam, Cambridge, UK). Expression of CtBP2 was determined using a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1:1,000; Proteintech, Rosemont, IL, USA). After stripping, the membranes were reprobed with an anti-GAPDH mouse monoclonal antibody (1:1,000; Proteintech) overnight at 4°C as a loading control. The bands were visualised using an ECL system (Thermo Fisher Scientific Inc., Waltham, MA, USA) and quantified by densitometry.
Cell transfection
The HGC-27 and SGC-7901 cell lines were treated separately as follows. First, the lines were treated with cisplatin (37.5, 150, 600, 2400, or 9600 ng/ml) diluted in RPMI 1640. Next, the cell lines were transfected with control-shRNA or CtBP2-shRNA according to the manufacturer's instructions (Genechem, Shanghai, China). The CtBP2-specific shRNA target sequences were as follows: CtBP2-shRNA#1 -5′-CTTTGGATTCAGCGTCATA-3′; CtBP2-shRNA#2 -5′-CTGCAATCTCAACGAACAT-3′; CtBP2-shRNA#3 -5′-TGAGAGTGATCGTGCGGAT-3′; and CtBP2-shRNA#4 -5′-GACAGAATTTGTGAAGGTA-3′. Six hours after transfection, the medium was replaced. Cells were collected for WB, CCK-8, colony formation, and Transwell migration and invasion assays after transfection for 48 h. Untreated cells were also prepared as a negative control. For tumor formation assay of GC in mice model, stably silence CtBP2 and control HGC-27 cell lines were constructed by lentiviral vector transduction as previously described [30] . Stable cell lines were respectively selected with 0.5 mg/mL puromycin for 10 days.
Colony formation assays
Two groups of cells (HGC-27 and SGC-7901; 0.5×10 3 /well) were plated in 96-well cell culture plates (Corning Inc., Corning, NY, USA) and then cultured for 1 to 2 weeks or until colony formation in each group was complete. Next, the cells were fixed with 10% formaldehyde for 10 min and stained with crystal violet staining solution (Beyotime Institute of Biotechnology) for 30 min before colonies were counted.
CCK-8 cell proliferation and flow cytometry analysis
CCK-8 (Cell Counting Kit-8; Dojindo, Kumamoto, Japan) was used to measure cell proliferation according to the manufacturer's instructions. Briefly, GC cells (5×10 3 /well) were seeded in 96-well cell culture plates in a volume of 100 μL and then grown overnight. Next, the medium was removed from each well, and 10% CCK-8/culture medium was added for 2 h. The assays were performed in triplicate and repeated three times. To investigate the effects of CtBP2 on GC cell cycle, flow cytometry analysis was performed. The detailed experimental procedure has been previously described [31] , and the assays were performed three times.
Transwell invasion and migration assays
Migration and invasion were measured using transwell assays with a modified double chamber (24-well cell culture cluster with an 8.0-μm pore size; Costar, Cambridge, NY, USA). The inserts were coated with or without Matrigel (BD Biosciences, Bedford, MA, USA) for the cell invasion and migration assays, respectively. A total of 1×10 5 cells were added to the top chamber in 150 μL RPMI 1640 without FBS, and the lower chamber contained 1 ml medium containing 10% FBS. After a-24-h incubation, the cells remaining in the top chamber were removed. Crystal violet staining solution (Beyotime Institute of Biotechnology) was used to stain cells that had invaded or migrated. Stained cells were imaged and counted. At least 6 random fields (magnification ×200) in each filter were calculated, and the assays were performed three times.
GC tumorigenesis assay in vivo
A number of 5 × 10 6 HGC-27 cells (stably silence CtBP2 and control HGC-27 cell lines) were subcutaneously injected into the flanks of 5-week-old male BALB/c nude mice (Animal Center of the Medical College of Nantong University, Nantong, China). All mice were fed and raised under SPF conditions. All in vivo experimental protocols were approved by Use Committee for Animal Care and operated according to institutional guidelines. Respectively, After 2, 3, 4 and 5 weeks, the mice were sacrificed and tumors were dissected. The tumor sizes were measured and volume was calculated with following formula: V (volume, mm 3 ) = 0.5×L (length, mm) ×W 2 (width, mm 2 ). www.impactjournals.com/oncotarget
Statistical methods
Statistical analyses were performed using the SPSS version 21.0 statistical software package (SPSS, IBM, USA). Figures were constructed using the GraphPad Prism 5.0 software program (La Jolla, CA). The data are presented as the means ± SD. χ 2 tests were used to compare the clinicopathological data. The Kaplan-Meier method was used to calculate the survival curves, and the log-rank test was used for univariate analysis of the differences between the clinical factors. The multivariate Cox proportional hazards model was used when meaningful factors (p < 0.05 in univariate analysis) were selected to determine which clinicopathological variables were independently predictive of GC, whereas variables that were highly associated with others were excluded. p < 0.05 was considered statistically significant for all methods.
